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2+
-dependent desensitization of NMDARs represents a feedback regulation of the NMDAR open probability by the Ca 2+ entry into neurons [4] [5] [6] [7] [8] . The Ca 2+ entry via NMDAR pores produces a local increase of Ca 2+ concentration (up to micromolar range) in a close proximity of receptor intracellular domains. Calmodulin binds free Ca 2+ and then interacts with C-terminal domains of NMDAR GluN1 subunits causing the decrease of the channel open probability in the Ca 2+ concentration-dependent manner because of Ca
-dependent NMDAR desensitization [9, for review see 10] .
Recently it has been demonstrated that the inhibition of the plasma membrane Na
exchanger (NCX) either by KB-R7943 (2-[2-[4-(4-nitrobenzyloxy) phenyl] ethyl] isothiourea methanesulfonate) or by the substitution of Li
+ for Na + in the external physiological solution considerably enhances the Ca 2+ -dependent desensitization of NMDARs [11] . As Li + is a substrate inhibitor of Na + -dependent neurotransmitter transporters [12, 13] and exchangers [for review see 14] the substitution of Li + for Na + in the external solution decreases the efficacy of Ca 2+ extrusion via NCX. The direct effects of Li + on NMDAR kinetics and conductance is negligible, because NMDARs have similar Li + and Na + channel permeabilities [15] . These observations suggest that NCX is involved in regulation of Ca 2+ -dependent desensitization of NMDARs that could be achieved in the case of close location and interaction of NCX and NMDAR molecules in the plasma membrane.
The Li + therapy is widely used to stabilize mood disorders, including bipolar disorders and depression as well as suicidal behaviors [13] . There are some experimental indications that KB-R7943 reduces 4-aminopyridineinduced epileptiform activity in adult rats [16] . It is still not clear whether NCXs could represent a target of pharmacological action to compensate NMDAR-related neuronal pathologies and whether an acceleration of Ca 2+ -dependent NMDAR desensitization by Li + is at least partially contributed to the Li + therapeutic effects. To provide more clues for understanding of these aspects of the NMDAR pharmacology here we study the concentration dependence of Li + effects on NMDAR currents and the role of functional interaction between NCXs and NMDARs that presumably requires their close spatial localization in lipid rafts.
Results

Lithium inhibition of NMDA-elicited currents
Cortical neurons in cultures express a variety of NCXs including NCX1-3 and NCKX isoforms [14] . (Fig. 1a) . The control NMDA-evoked currents, measured at the steady state in the bathing solutions (140 mM Na + ) had the amplitude of 440.4 ± 71.9 pA (n = 10), that was significantly (p < 0.001, Student's two-tailed t test) larger compared to the corresponding value of 111.4 ± 29.1 pA (n = 10) measured at 140 mM Li + in the external solution. Dose-inhibition curves obtained from experiments were well fitted by Hill equation with IC 50 of 46 ± 21 mM (Fig. 1b) . Previously, we demonstrated that the inhibition of NMDA-activated currents by Li + is Ca
2+
-dependent, because it could not be observed in the nominal absence of Ca 2+ in the external solution [11] . Since Li + does not directly affect the NMDAR conductance and activation kinetics, as a substrate inhibitor of NCXs it could sufficiently decrease the efficacy of Ca 2+ extrusion from neurons due to breaking ion transport by NCXs. The decrease of NMDAR current by Li + suggests that NCX contributes to the regulation of free Ca 2+ concentration close to the inner membrane surface and the Ca 2+ -dependent desensitization of NMDARs. This requires some functional interaction between NCXs and NMDARs that could occur if these molecules are located closely and interact within lipid nanoclasters or rafts.
The extraction of cholesterol from the plasma membrane by MβCD [17] is a widely used conventional procedure to destroy lipid nanoclusters. The treatment of neurons with 1.5 mM MβCD for 5 min was undertaken to extract cholesterol from membrane lipid rafts to achieve spatial uncoupling of NMDARs and NCXs. This procedure did not significantly alter the current-voltage relationships (I/V), suggesting the lack of its effect on the input resistance of neurons (n = 5, Fig. 1a ). After the cholesterol extraction the mean amplitude of NMDA-evoked currents at the steady state in the Na + -containing bathing solution was 136.8 ± 32.8 pA (n = 10), revealing its decrease in comparison to MβCD untreated neurons as control conditions (p < 0.007, Student's two-tailed t test, Fig. 1a,  b) . The stepwise substitution of Li + for Na + in the external solution after the MβCD treatment further decreased the NMDA-evoked currents to the mean steady-state amplitude of 46.8 ± 15.3 pA (n = 10, p < 0.008, Student's two-tailed t-test). The IC 50 value for the Li + inhibition of NMDA-activated currents after the MβCD treatment was 42 ± 20 mM (Fig. 1b, c) the MβCD treatment than before this procedure and were 59 ± 4% (n = 10) and 77 ± 3% (n = 10) inhibition (p < 0.03, Student's two-tailed t-test), respectively (Fig. 1d) . Presumably, spatial uncoupling of NCXs and NMDARs limits the effect of the NCX inhibition on NMDAR currents. This could be the case, if NCXs maintain low intracellular free Ca 2+ concentration in the close proximity of NMDARs, which prevents the development of Ca 2+ -dependent inactivation of NMDARs.
Calcium-dependent and -independent effects of cholesterol extraction on NMDARs
The interpretation of the above data that the cholesterol extraction may accelerate the Ca 2+ -dependent desensitization destroying membrane lipid rafts and NCX-NMDAR interplay becomes less evident in a view of the recent observation that cholesterol is important for the NMDAR functioning and its extraction provokes the ligand-dependent desensitization of NMDARs [17] . In order to distinguish between Ca 2+ -dependent and -independent mechanisms the effects of cholesterol extraction by MβCD on NMDA-activated currents were evaluated in the presence of 1 mM Ca 2+ and in the nominal absence of Ca 2+ in the bathing solution (Fig. 2a) . In the absence of Ca 2+ in the external solution the ratio of amplitudes of NMDA-activated steady-state currents, recorded after and before 5 min MβCD treatment was 47 ± 6% (n = 6). The decrease of the steady-state amplitudes of NMDAR currents after the treatment is caused by the direct effect of the cholesterol extraction on NMDARs, because under these particular conditions the Ca 2+ -dependent desensitization was not observed (Fig. 2a) . In the presence of 1 mM Ca 2+ in the bathing solution, however, the Ca 2+ -dependent desensitization of NMDARs, measured as the ratio of the steady-state amplitudes of currents in the presence and absence of Ca 2+ before and after the MβCD treatment was significantly greater when cholesterol was extracted (Fig. 2a, b) , suggesting that this procedure enhanced the Ca 2+ -dependent NMDAR desensitization. In addition, we performed similar experiments on neurons patched with 1 mM BAPTA in the pipette solution. Under these particular conditions the Ca 2+ -dependent desensitization of NMDARs was not observed both in the presence and absence of Ca 2+ in the external bathing solution (Fig. 2c) . The direct effect of MβCD treatment on NMDARs was pronounced and the ratio values obtained in the presence and absence of external Ca 2+ were similar (Fig. 2c, d ). In 1 mM intrapipette BAPTA the steady-state NMDAR currents decreased after the extraction to about 10% of their amplitudes (Fig. 2d) , whereas in experiments when the intracellular media was natural in terms of Ca 2+ buffering the NMDAR currents decreased in a much lesser extent (about 47%, Fig. 2a ). -induced fluorescence, which has to be proportional to the Ca 2+ entry through open NMDAR channels and, therefore, to the amplitudes of NMDA-activated currents. As in electrophysiological experiments, the Li + -containing bathing solution was applied alone and than with NMDA to equilibrate neurons and check pure Li + effects for possible further data correction (Fig. 3a) . When NMDA was applied in the Li + -containing bathing solution Ca 2+ responses of neurons decreased to 54 ± 2% (overall 98 neurons, n = 3) of Ca 2+ responses recorded in the Na + -containing bathing solution (p < 0.001, Student's t test). This observation is consistent with the Li + effect on NMDA-activated currents. After the MβCD treatment the Ca 2+ responses to NMDA in the Na + -containing solution were 35 ± 9% (overall 98 neurons, n = 3) and in the Li + -containing solution were 36 ± 9% (overall 98 neurons, n = 3) of the Ca 2+ responses, obtained before the treatment in the Na + -containing solution ( Fig. 3a and b) . Because these values were significantly smaller, than those obtained before the treatment in the Na + solution (p < 0.0001, one-way paired ANOVA) and did not differ between each other (Bonferroni post hoc test) we conclude that the MβCD treatment abolished the effects of Li + on NMDARs.
Thus, spatial uncoupling of NMDARs and NCXs resulted in the decrease of Ca 2+ entry via NMDARs.
Inhibition of NCX with Li
+ after the cholesterol extraction was not able to decrease NMDAR mediated Ca 2+ accumulation.
We further performed the Ca 2+ imaging experiments in which KB-R7943 (10 µM) as a specific NCX inhibitor, was utilized instead of the Li + solution. In the Na + -containing external solution combined applications of NMDA with KB-R7943 induced Ca 2+ responses that corresponded to 59 ± 5% (overall 91 neurons, n = 3) of NMDA-elicited Ca 2+ responses and differed from them significantly (p < 0.001, one-way paired ANOVA) (Fig. 3c) . This observation is consistent with the KB-R7943 effect on NMDA-activated currents [11] . The MβCD treatment decreased the NMDA-elicited Ca 2+ responses both in the absence and presence of KB-R7943 to 32 ± 8% and 24 ± 7% (overall 91 neurons, n = 3), respectively (Fig. 3d) . These values are not significantly different (Bonferroni post hoc test) suggesting that the cholesterol extraction abolished the KB-R7943 effects on NMDA-activated currents. To validate that the effects of MβCD treatment are actually caused by the cholesterol loss from the plasma membrane, cholesterol-MβCD, as a cholesterol donor, was applied for 30 min after the effects of MβCD were achieved (Fig. 3c) . Loading of cholesterol into the plasma membrane both increased the amplitudes of Ca 2+ -responses to NMDA and recovered the inhibitory effect of KBR (Fig. 3c, d) .
Therefore, the effects of Li + and KB-R7943 on NMDAelicited Ca 2+ responses of neurons coincide well suggesting that they both are realizing through the influence of NCX on the Ca 2+ -dependent desensitization of NMDARs.
Discussion
In spite of a large number of novel pharmacological agents has recently appeared, Li + has still broad usage as a tool of neuroscience researches, since it can affect key functional processes of the central nervous system (CNS) including different enzymes [for review see 13] and Na + -dependent neurotransmitter transporters [12] and exchangers [for review see 14] . Diverse and complex action of Li + on the human CNS is highlighted by the Li + therapy which is widely utilized to stabilize many mental disorders. Usually therapeutic Li + concentrations in the blood vary within the range of 0.6-1.2 mM and the concentrations over 1.5 mM are thought to become toxic [for review see 13] . In addition it has been demonstrated recently that the substitution of Li + for Na + in the external solution in the presence of Ca 2+ causes considerable decrease of currents activated by NMDA [11] . This somehow contradicts to the lack of the NMDAR Li + inhibition in the absence of Ca 2+ in the external solution [11] and to the observation that Li + does not influence the NMDAR conductance and activation kinetics [15] and interact that could be achieved in membrane cholesterol rich nanoclusters or lipid rafts (Fig. 4a) . Actually the co-localization of NMDARs and NCXs in lipid rafts at the distance less than 80 nm was recently demonstrated using FRET (Förster Resonance Energy Transfer) experiments [18, 19] . In our experiments the cholesterol extraction, that is known to destruct lipid rafts, resulted in a substantial decrease of NMDAR currents, which is consistent to the earlier observation [17] , but did not cause significantly changes of the IC 50 value for the Li + inhibition of NMDAR currents. This may suggest that the cholesterol extraction does not influence the transport by NCXs [20] and similar Li + concentrations are required to inhibit NCXs before and after the MβCD treatment.
The requirement of cholesterol for functioning of NMDARs was recently demonstrated [17] , because its extraction induced fast ligand-dependent NMDAR desensitization. In agreement when we used 1 mM BAPTA containing intrapipette solution (calculated free Ca 2+ concentration is 13 nM) a tenfold decrease of NMDAR currents and a lack of Ca 2+ -dependent NMDAR desensitization were observed. NMDA-activated currents recorded in the absence of Ca 2+ in the external solution using the BAPTA-free intrapipette solution did not reveal the NMDAR Ca 2+ -dependent desensitization as well. The cholesterol extraction under these conditions, however, induced a twofold decrease of the NMDAR currents. The lesser extent of the ligand-dependent desensitization obtained without BAPTA may suggest that some normal level of free Ca 2+ in the cytoplasm is required for NMDAR functioning. In addition the extraction caused an enforcement of Ca 2+ -dependent NMDAR desensitization suggesting that the disaggregation of molecules within destructed lipid rafts is accompanied by the disruption of NCX regulated Ca 2+ pre-membrane balance.
Measurements of intracellular Ca 2+ dynamics revealed that the NCX inhibition with Li + or KB-R7943 significantly decreased the NMDA-elicited Ca 2+ responses, which is consistent to their effects on currents, activated by NMDA. In agreement to previous observations [21] the cholesterol extraction caused the decrease of the cytoplasm Ca 2+ accumulation, and furthermore abolished the effects of both Li + and KB-R7943 on the neuronal Ca 2+ cytoplasmic responses. The cholesterol loading into the plasma membrane was followed by the recovery of Ca 2+ -response amplitudes and, most importantly, restored the NCX effects on the Ca 2+ -dependent NMDAR desensitization. These further support our conclusion that the destruction of lipid rafts abolishes the influence of NCXs on NMDARs (Fig. 4b) , which is consistent to modeling of interaction between CaM and C-terminal of NMDAR GluN1 subunits that requires molecule co-localization within the distance of tens of nanometers [22] .
Thus, our observations considerably widen the range of pharmacological agents which may indirectly influence NMDAR functioning through the metabolism of cholesterol or the inhibition of NCX, that presumably could potentiate the Ca 2+ -desensitization of NMDARs.
Conclusions
Thus, the NCX inhibition prevents the maintainance of low Ca 2+ level in the proximity of the intracellular domains of NMDARs by the Ca 2+ extrusion to the outside, which elevates pre-membrane local Ca 2+ concentration, but limits total Ca 2+ entry into neurons. 
Methods
Primary culture of cortical neurons
The culture preparation from rat embryos was previously described [23, 24] . All procedures using animals were in accordance with recommendations of the Federation for Laboratory Animal Science Associations and approved by the Bioethics Committee of Sechenov Institute of Evolutionary Physiology and Biochemistry of the Russian Academy of Sciences (IEPhB RAS). Wistar rats were maintained on a 12 h day/night cycle at constant room temperature with ad libitum access to water and standard rat fodder in the animal facility of the IEPhB RAS. Experiments were designed to minimize the number of animals used in research. Overall 12 Wistar rats 16 days pregnant were used for experiments. The pregnant rat was placed into the plastic box connected by a tube with CO 2 tank and then sacrificed by 30-40 s CO 2 inhalation. Immediately after cardiac arrest fetuses were removed and their cerebral cortices were isolated, enzymatically dissociated and used to prepare primary neuronal cultures. Cells were used for experiments after 10-15 days in culture [24, 25] . Cells were grown in Neurobasal ™ culture media supplemented with B-27 (Gibco-Invitrogen, UK) on glass coverslips coated with poly-d-lysine.
Patch clamp recordings
Whole-cell currents were recorded on rat cortical neurons in primary culture (10-15 days in vitro) by patch clamp technique using a MultiClamp 700B amplifier with Digidata 1440A acquisition system. Details of recording and fast perfusion system were described previously [26] . Unless otherwise specified, the following extracellular medium was used for recording (external bathing solution, in mM): 140 NaCl; 2. 
Loading of Fluo-3 AM and Ca
2+ imaging
Cells were loaded with Fluo-3 AM (4 mM, Life Technologies, Foster City, CA, USA) using conventional protocols as described previously [27] . Coverslips with Fluo-3-loaded neurons were placed in the perfusion chamber, which was mounted on the stage of a Leica TCS SP5 MP inverted microscope (Leica Microsystems, Germany). Fluorescence was activated with 488 nm laser light and emission was measured within the wavelength range from 500 to 560 nm. Images were captured every 1.5 s during 30 min experiments.
Drugs
Functional activity of NMDARs requires binding of both glutamate and a co-agonist, glycine. Unless otherwise stated, to activate NMDARs we applied 100 µM NMDA with 10 µM l-glycine (Gly). KB-R7943 (2-[4-[(4-nitrophenyl)methoxy]phenyl]ethyl ester, methanesulfonate, 10 µM) application or proportional substitution of Li + for Na + in the external bathing solution were used to inhibit NCX. Methyl-β-cyclodextrin (MβCD, 1.5 mM) application for 5 min was used to destruct lipid rafts by extracting cholesterol from the plasma membrane. The complex of cholesterol with methyl-β-cyclodextrin (cholesterol-MβCD, 1.5 mM) as a donor of cholesterol was applied for 30 min to restore the cholesterol content of the plasma membrane. All compounds were from Sigma-Aldrich, St. Louis, MO, USA or Tocris Bioscience, UK.
Data analysis
Quantitative data are expressed as mean ± SEM. ANOVA and Bonferroni multiple comparison methods as well as Student's two-tailed t-test were used for statistical analysis. Number of experiments is indicated by n throughout. In the patch-clamp experiments n represents a number of recorded neurons. In the Ca 
